Background: The length of spacer of gemini surfactants affects the DNA packing in DNA-neutral phospholipid-gemini surfactant complexes.
Introduction
Gemini surfactants (GSs) are amphiphilic molecules containing two head groups and two aliphatic chains linked by a spacer. They typically show greatly enhanced surfactant properties relative to the corresponding monomeric surfactants. In addition, to the synthesis of " bisquaternary ammonium salts " , as gemini surfactants were also termed (1) , the relationship between their structure, surface activity and micelle formation was extensively studied at our faculty (2 -5) . They are potent as plasmid curing agents (6) and were used to increase the effi ciency of DNA transfer into bacterial cells (7) . GSs have been intensively investigated as possible vectors for gene transfection (8 -10) . A majority of almost 250 GS compounds tested by Kirby et al. (11) of 20 different structural types showed very good transfection activity in vitro.
Cationic liposomes as gene delivery carriers were used for the fi rst time by Felgner and Ringold (12) . Since the fi rst study, many cationic lipids have been synthesized and physicochemical properties, structure and transfection effi ciency have been intensively investigated. It was found that helper neutral lipid used together with cationic components moderates the colloidal and structural properties of the complex and facilitates the transport through the membrane of the cell (13 -15) . However, their transfection effi ciency, both in vitro and in vivo, depends in a rather complex way on different interconnected parameters, ranging from the chemical composition of the lipid components to the size and size distribution of the complexes, their surface charge and to the composition of the suspending medium (16) .
Within this study we use the simple type of GS alkane-α , ω -diyl-bis(alkyldimethylammonium bromide) (CnGSm, where n = 2 -12 is the number of spacer carbons and m = 12 is the number of alkyl tails carbons) ( Figure 1 ). This study focused on the role of GS spacer in DNA packing. The length of alkyl chains was chosen constant for all CnGS homologs ( m = 12) to minimize the number of variables in the system. Complexes CnGS12-dioleoylphosphatidylethanolamine (DOPE)-DNA have been tested as gene delivery carriers for somatic cells in vitro (17) and in vivo (18) . For the CnGS12, n = 3 -16, no transfection was observed in the absence of helper lipid. Transfection effi ciencies were shown to be greatest for spacers of n ≤ 4 or n > 12. It has been found that the character of spacer plays a role in the transfection effi ciency of DNA complexes based on GS, also in (19 -22) . Generally, GSs with short length of spacer were reported with regard to their enhanced transfection activity.
From a physicochemical view, cationic vesicles interact with DNA polyanion forming string-like colloidal particles of an ordered internal microstructure (23, 24) . Several types of internal arrangement in CnGSm-phospholipid-DNA complexes have been identifi ed using small angle X-ray diffraction (SAXD): the condensed lamellar phase L α c with ordered DNA monolayers intercalated between lipid bilayers (17, 25, 26) , the condensed inverted hexagonal phase H II C with linear DNA molecules surrounded by lipid monolayers forming inverted cylindrical micelles arranged on a hexagonal lattice (27 -29) and cubic phases (17, 30) were also reported.
In this study, the experimental conditions (design of the GS molecule, ionic strength and charge ratios) were chosen with the aim to simplify the system and to shed more light on understanding the principle of DNA packing by GSs intercalated in the phospholipid bilayer. We employed SAXD to follow the microstructure of complexes formed due to DNA interaction with cationic vesicles prepared as a mixture of egg yolk phosphatidylcholine (EYPC) and CnGS as a function of the length of spacer, n = 2 -12 ( n is even). Complexes were prepared at isoelectric point (ratio of positive CnGS/ negative DNA charges equal to 1) estimated by calculation based on nominal charges of CnGS and DNA. The experiment focused on the role of the CnGS spacer length in the DNA packing in a condensed lamellar phase as a function of surface charge density. SAXD identifi ed L α C phase in a large range of molar ratios 2 ≤ EYPC:CnGS ≤ 10 without demixing of components. Our previous study (28) revealed differences in the DNA packing at two spacer lengths n = 2 and n = 10 that motivated us to extend the experiment.
Materials and methods
Highly polymerized calf thymus DNA (Sigma-Aldrich Co., St. Louis, MO, USA) was dissolved in 1.5 mM NaCl, pH ∼ 7, at concentration ∼ 2 mg/mL. The precise value of DNA concentration was determined spectrophotometrically (Hewlett Packard 8452A Diode array spectrophotometer, Hewlett Packard, Palo Alto, CA, USA), according to the following equation: c DNA = A 260 × 4.7 × 10 -5 (g/mL), where A 260 is the absorbance at wavelength λ = 260 nm. The concentration of DNA is referred to as molar concentration of DNA base pairs (mol bp). The purity of DNA was checked by measuring the absorbance A λ at λ = 260 nm and 280 nm, we have obtained A 260 /A 280 = 1.8. Alkane-α , ω -diyl-bis(dodecyldimethylammonium bromide), CnGS n = 2 -12, were prepared as described in (1) and purifi ed by manifold crystallization from a mixture of acetone and methanol. Aqueous solutions of CnGS were prepared using the same solvent (1.5 mM NaCl, pH ∼ 7). Phosphatidylcholine from hen egg yolks (EYPC) was prepared, purifi ed and analyzed by thin layer chromatography according to Singleton et al. (31) . Its molecular weight of 779.7 g/mol was calculated from the chemical composition of its acyl chains (32) . EYPC was dispersed at 25.9 mM concentration (in 1.5 mM NaCl, pH ∼ 7). The dispersion was vortexed and homogenized by sonication in an ultrasound bath (Sonorex Bandelin, Bandelin electronic GmbH&Co. KG, Berlin, Germany) and by the Figure 1 The structure of alkane-α , ω -diyl-bis(alkyldimethylammonium bromide) (CnGSm).
freezing-thawing process. From the dispersion of multilamellar liposomes, extruded unilamellar liposomes were prepared according to MacDonald et al. (33) using the LiposoFast Basic extruder (Avestin, Ottawa, ON, Canada). The multilamellar liposomes were extruded through polycarbonate fi lter (accessory of the extruder, Avestin, Ottawa, ON, Canada) with pores of diameter 100 nm mounted in the extruder fi tted with two gas-tight Hamilton syringes (accessory of the extruder, Hamilton, Reno, NV, USA). The sample was subjected to 51 passes through the fi lter at room temperature.
EYPC unilamellar vesicles and CnGS solution were mixed at appropriate volume ratios to obtain the required molar ratio of EYPC:CnGS. The amount of CnGS ( ∼ 1 mg) was kept constant in each sample. The sample was vortexed for a short time and DNA solution was added reaching the required ratio DNA:CnGS = 1:1 mol bp/mol. The sample was again vortexed for a short time. The sediment was created in the sample after a few minutes ( ∼ 30 min). Before measurement, the sample was shortly centrifuged and the sediment was placed between two Kapton (Dupont, CMC Klebetechnik GmbH, Frankenthal, Germany) windows of a sample holder for X-ray diffraction.
Small-(SAXD) and wide-angle (WAXD) synchrotron radiation diffraction experiments were performed at the soft condensed matter beamline A2 at HASYLAB at the Deutsches Elektronen Synchrotron (DESY) in Hamburg (Germany), using a monochromatic radiation of wavelength λ = 0.15 nm. The evacuated double-focusing camera was equipped with two linear delay line readout detectors. The sample was equilibrated at the selected temperature (20 ° C) for 5 min before exposure to radiation. The raw data were normalized against the incident beam intensity using the signal intensity measured in the ionization chamber. The SAXD detector was calibrated using rat tail collagen (34) and the WAXD detector by tripalmitin (35, 36) . Each diffraction peak of the SAXD region was fi tted with a Lorentzian above a linear background. The WAXD pattern (not shown in the fi gures) of all measured samples exhibited one wide diffuse scattering characteristic for liquid-like carbon chains of phospholipid and CnGS molecules.
Results and discussion
When a solution of cationic surfactant CnGS is added to the dispersion of unilamellar EYPC vesicles, molecules of surfactant intercalate between zwitterionic EYPC molecules and the surface becomes positively charged (37) . Cationic EYPCCnGS vesicles interact with DNA forming colloidal particles with an internal ordered microstructure. We employed SAXD to examine the microstructure of DNA-EYPC-CnGS complexes. Figure 2 shows representative SAX diffractograms of complexes formed due to DNA interaction (DNA:CnGS = 1:1 mol bp/mol) with cationic vesicles prepared at low volume fraction of EYPC, at molar ratios EYPC:CnGS = 1:1 and EYPC:C2GS = 2:1. Multilamellar EYPC vesicles were used as reference ( Figure 2 ). Two diffraction peaks, L (1) and L (2), whose ratio between s values of their maxima is L (2)/ L (1) = 2 correspond to a typical diffraction pattern of a lamellar phase. We determined the repeat distance d = 1/ s 1 = 6.53 ± 0.01 nm from the fi rst peak maximum. DNA-EYPC-CnGS complexes with a short length of spacer, n < 6 show lamellar organization ( Figure 2 ). We found the periodicity d = 6.15 ± 0.01 nm for the lipid bilayer stacking of the DNA-EYPC-C2GS complex at molar ratio EYPC:C2GS = 1:1; however, the diffractogram gives no information about any regularity in DNA strands packing. The diffractogram in Figure 2 , obtained from the complex prepared at EYPC:C2GS = 2:1 mol/mol, shows, in addition to two peaks related to EYPC-C2GS bilayers organized in the lamellar phase ( d = 6.38 ± 0.01 nm), a small broad peak induced by regular packing of DNA strands between bilayers (25, 38, 39) . DNA forms a smectic layer and we determined the DNA-DNA periodicity d DNA = 3.57 ± 0.02 nm, deconvoluting peaks in the range of s ∼ 0.20 -0.36 nm − 1 by fi tting the pattern as a superposition of two Lorentzians. The diffractogram is characteristic for a condensed lamellar phase L α C with DNA strands packed regularly between phospholipid bilayer, as originally introduced in (38, 39) . Keeping the molar ratio EYPC:CnGS = 1:1, we observed further structural changes as a function of the spacer length. The diffractogram of the EYPC-C4GS complex was identifi ed as a structure with the coexistence of two lamellar phases, where the deconvolution of L (1) diffraction pattern. Macroscopically, the sample did not show any inhomogeneity or phase separation. We suppose the coexistence of both phases in one aggregate. A similar effect was reported in our previous study of DNA-C4GS and dilauroylphosphatidylcholine (DLPC) complexes (40) . At molar ratio C4GS:DLPC ≥ 0.35 diffractograms have shown in addition to L α C the presence of a second lamellar phase with the repeat distance d ∼ 5.31 nm which slightly decreased with increasing concentration of C4GS. The phase was associated with a formation of microscopic domains enriched by surfactant molecules. In this study, we " dilute " cationic ammonium headgroups (R 4 N + ) in the surface of membrane increasing the volume fraction of neutral (helper) lipid. Similarly to C2GS, also for EYPC:C4GS ≥ 2, the system has shown the condensed lamellar phase. It should be noted that in all complexes reported above, the obtained periodicity d of L α C phase is smaller compared to the one observed for pure EYPC bilayer stacking. The positive surface charge of membrane induced by R 4 N + results in lateral bilayer expansion. This bilayer expansion and the mismatch between the lengths of hydrophobic parts of CnGS ( m = 12 is the length of CnGS alkyl chains) and EYPC [ m = 17.8 (32) ] results in an increase in populations of gauche isomers in hydrocarbon chains and, consequently, in the bilayer thickness decrease (41) . The DNA is considered to be packed tightly in the water gap of L α C phase, supposing the water gap thickness ∼ 2.5 nm that corresponds to the diameter of hydrated DNA strands (39, 42) . We can attribute the differences in the repeat distances of DNA-EYPC-CnGS, n = 2 -4, to the bilayer thickness decrease in complexes.
The next increase in n induced massive structural changes. Diffractograms of complexes DNA-EYPC-CnGS, n ≥ 6, at EYPC:CnGS = 1 mol/mol have shown refl ections at reciprocal spacing ratios 1, √ 3, 2, … that are consistent with a twodimensional hexagonal lattice. We determined the lattice parameter a = 2/( √ 3. s 10 ) = 6.31 ± 0.01 nm ( s 10 is the position of the maximum of the H(10) diffraction peak), characterizing the distance between the axes of two adjacent cylinders forming a columnar hexagonal phase. With increasing length of spacer n = 6 -12, the lattice parameter a decreased non-linearly, reaching the value a = 5.86 ± 0.01 nm in DNA-EYPC-C12GS complexes (not shown). Evidently, the length of CnGS spacer affects the curvature of the membrane surface. A defect created by an intercalation of C2GS into the EYPC hydrophobic core is compensated by trans-gauche isomerizations of chains and the short spacer does not disturb the lamellar organization. Larger values of n correspond to a gradually more fl exible spacer that is able to change its conformation to reduce the hydrocarbon-H 2 O contact. Experiments described previously (43, 44) indicate a change of location of spacer from the interface, trying to push itself inside the hydrophobic core to minimize its contact with water. Small-angle neutron scattering analysis (45) has shown that CnGS ( n = 8 -12, m = 10) form prolate ellipsoidal micelles in water. At molar ratio EYPC:CnGS = 1:1, two cationic R 4 N + groups are spanned with the spacer and separated by one headgroup of the EYPC molecule. The fl exibility of longer spacer ( n = 6 -12) and hydrophobic mismatch results in the formation of a probably energetically more favorable, non-lamellar phase. Our experimental data do not allow to detect if complexes form condensed columnar inverted hexagonal phase ( H II c ) with linear DNA molecules surrounded by lipid monolayers, as observed in (46) , and for DNA-GSs-DOPE in (29) , or an intercalated hexagonal structure ( H I ), where each DNA strand is surrounded by three cylindrical micelles of EYPC-CnGS mixture, as it was found in (47, 48) .
The aim of our study was to follow structural changes, particularly DNA-DNA packing in DNA-EYPC-CnGS complexes in a large range of molar ratios 1 ≤ EYPC:CnGS ≤ 10, n = 2 -12, prepared at DNA:CnGS = 1 mol bp/mol. In the range of molar ratios 2 ≤ EYPC:CnGS ≤ 10, all studied complexes have shown the condensed lamellar phase L α C . Figure 3 shows an example of obtained diffractograms. We report structural changes in DNA-EYPC-C6GS as a function of surface charge density modulated through the volume fraction of neutral phospholipid. The increase of the EYPC volume fraction in the membrane, keeping the quantity of R 4 N + groups constant, leads to the separation of positive charges and to the decrease in surface charge density. It has been proven that the effective surface charge density of membrane is responsible for distance (24) . Figure 3 shows the shift of the peak related to the DNA-DNA packing (marked by an arrow) to the smaller s -values with increasing molar ratio EYPC:C6GS, thus d DNA = 1/ s DNA increased. At low molar ratio, EYPC:C6GS = 2, a minute asymmetry can be seen in the shape of the fi rst peak at detailed inspection. We identifi ed this asymmetry in diffractograms at EYPC:CnGS = 2 mol/mol, n = 6 -12. The deconvolution of the peak revealed the presence of the next phase with periodicity d ∼ 5.63 nm (in DNA-EYPC-C6GS complexes), close to that observed for the hexagonal phase ( d = 5.45 nm) at EYPC:C6GS = 1 mol/mol. Most probably a small volume of the mixture still adopts the organization of hexagonal symmetry. Structural parameters of L α C as a function of 2 ≤ EYPC:CnGS ≤ 10 molar ratios, n = 2 -12, were obtained by fi tting of diffraction peaks, as described in the materials and methods section. In Figure 4 Figure 4A, D) . The linear dependence of d DNA vs. EYPC:C2GS was reported in our previous study (28) , where we found the increase in the DNA-DNA spacing, d DNA , 0.39 ± 0.04 nm/1 mol of EYPC from its slope. Complexes prepared with CnGS, n = 6 and n = 10, have shown two ways in DNA packing as a function of EYPC:CnGS as shown in Figure 4B and C. Generally, in all DNA-EYPCCnGS complexes DNA strands move apart as a function of decreasing surface charge density of membrane. The gradient in DNA-DNA distance increase is almost the same in all complexes in the range of molar ratios 2 ≤ EYPC:CnGS ≤ 5. We determined the increase in d DNA 0.40 ± 0.03 nm/1 mol of EYPC from the slope of d DNA = f (molEYPC/molCnGS). Thus, the suffi ciently high surface charge density " overlaps " the effect of the spacer length in DNA-DNA packing. However, when the fraction of EYPC exceeds the molar ratio EYPC:CnGS ≅ 5, the CnGS spacers of intermediate length ( n = 6 -10) modulate the DNA-DNA distance, and allow closer approach of DNA strands in comparison to homologs with n = 2, 4 and 12. In complexes prepared with C8GS our measurements indicate a different way of DNA packing at EYPC:C8GS > 5 ( Figure  4C, triangles) , not consistent with any of the previous two. Although the relative surface charge density of R 4 N + groups decreases due to GnGS dilution, the length and fl exibility of the long spacer together with the lateral diffusion of CnGS in fl uid membrane facilitate effective screening of DNA negative charges. At low surface charge density, EYPC:CnGS ≥ 5, the arrangement of CnGS molecules with the spacer n = 6 -10 in the plane of membrane allows a closer approach of DNA strands, i.e., the length of the CnGS spacer modulates the DNA-DNA distance. Complexes prepared using CnGS with the longest spacer, n = 12, have shown the same slope in the d vs. EYPC:C12GS dependence as homologs with the short spacer, n = 2 and 4 ( Figure 4A, D) . Thus, the spacer with 12 carbons allows almost the same freedom in R 4 N + groups arrangement in proximity of DNA as CnGS molecules with the short spacer ( n = 2) that are assumed to act like divalent cationic surfactants (49) . We have shown the ability of CnGS to modulate the DNA-DNA distance in the range 3. This value is close to the diameter of hydrated DNA strand, ∼ 2.5 nm (39) . Koltover et al. (24) have reported coexistence of two phases at DOPC:DOTAP ∼ 5 mol/mol relating this " demixing " to high volume fraction of DOPC ( Φ PC > 0.75). The diffractograms in our study show no demixing in the range of EYPC volume fractions 0.37 -0.92. Generally, demixing is associated with a formation of domains rich of cationic amphiphiles in proximity of DNA, and domains depleted of both, DNA and cationic amphiphiles (50, 51) , frequently observed at low surface charge density in systems cationic liposomes-DNA. Our recent experiments (52) showed that in addition to low surface charge density the method of complex preparation and ionic strength of aqueous media are also conditioning factors.
The effect of spacer in DNA-EYPC-CnGS complexes is illustrated in Figure 5 , where we plot the structural parameters d and d DNA as a function of the CnGS spacer length at two selected molar ratios EYPC:CnGS = 2 and 6, respectively. The dependence d vs. n , the CnGS spacer length (Figure 5A ), demonstrates the progressive decrease in the repeat distance with elongating spacer at constant molar ratio EYPC:CnGS. The polymethylene spacer contributes to the lateral expansion of the membrane, creating defect in the core of the membrane effectively compensated by trans-gauche isomerization of fl uid chains, as discussed above. We found the linear dependence
and 0.25 nm ( ± 0.01 nm) at molar ratios EYPC:CnGS = 2 and 6, respectively. Increasing volume fraction of EYPC reduces the defect in the hydrophobic core. At molar ratios EYPC:CnGS ≥ 7, we observed a decrease in d ; however, the linear dependence was broken. Figure 5B shows the dependence of d DNA as a function of the CnGS spacer length at molar ratios EYPC:CnGS = 2 and 6, respectively. The high surface charge density (EYPC:CnGS = 2 mol/mol) allows for effective packing of DNA strands, and the plot shows nonlinear increase in d DNA with n. We found its variation in the range 3.57 -4.06 nm ( ± 0.02 nm), progressively increasing up to n = 6 -8. and sterically favorable conformations. Also, one has to realize that R 4 N + groups are not the only positively charged fragments in the membrane surface. The P − -N + dipole of the phospholipid headgroup was referred to change its conformation for effi cient screening of DNA phosphate groups in its condensation process (55, 56) . The DNA-DNA periodicity follows the surface charge density. We observed a marked increase in d DNA at EYPC:CnGS = 6 mol/mol and the dashed line in Figure 5B indicates an intuitive course of the dependence that was broken at higher molar ratio (EYPC:CnGS ≥ 7). It should be stressed that the obtained dependence d DNA = f(n) is conditioned by the high surface charge density, used phospholipid and DNA. For example, we recently found the linear dependence of d DNA = 0.05 n + 3.50 (nm) in DNA-DOPE-CnGS ( n = 2 -12) complexes at DOPE:CnGS = 2.9 mol/mol that was broken at lower surface charge density (unpublished results).
Our experiments revealed no extremity in the DNA packing in DNA-EYPC-CnGS complexes with GSs of short spacer in comparison to GS homologs of longer spacer related to the observed differences in their transfection effectivities. Lin et al. (14) found a high surface charge density of membrane (with optimum ∼ e /100 Å 2 ) as a key parameter for transfection effi ciency of L α C phase-forming complexes. The surface charge density of cationic liposomes depends on both area per molecule of lipid and area per cationic additive. The area per CnGS molecule increases progressively with the length of spacer up to n ∼ 12 (18, 54) , i.e., molecules with two positive charges separated by the short spacer ( n = 2, 3) should provide the optimal surface charge density at lower CnGS:EYPC molar ratio in comparison to homologs with the long spacer. However, because of the spacer length and fl exibility, the surface charge distribution is less predictable than in complexes with simple cationic molecules. Karlsson et al. (49) reported that the spacing between the two positive charges on the C2GS is so small that the surfactant acts like a divalent cationic surfactant at DNA compaction. Our recent experiments (ITC and zeta potential measurements) have detected the actual isoelectric point for DNA-DOPC-C2GS complexes in 5 mM NaCl at approximately two times higher ratio C2GS/ DNA than the calculated isoelectric point (52) . The overcharging of the complex away from its isoelectric point is caused by changes of the bulk structure with absorption of excess DNA or cationic lipid (24) . Other factors, such as the increase in ionic strength, reduce the amount of DNA which the cationic liposomes are able to bind (24, 52, 57) , shifting the electro-neutrality to the higher ratio of + / -charges. Generally, it is believed that positively charged complexes are attached to the anionic cell surface and transfer DNA into the cell cytoplasm, and the negatively charged complexes for successful DNA delivery in vivo were also reported (58) .
Conclusions
DNA due to interaction with EYPC-CnGS ( n = 2 -12) vesicles forms a condensed lamellar phase in the range of molar ratios 2 ≤ EYPC:CnGS ≤ 10. The distance between adjacent DNA strands increases with decreasing surface charge density of EYPC-CnGS vesicles. Experimental results indicate that suffi ciently high surface charge density (2 ≤ EYPC:CnGS ≤ 5 mol/mol) " masks " the role of spacer, DNA strands move apart with the gradient in d DNA 0.40 ± 0.03 nm/1 mol of EYPC. At low surface charge density, EYPC:CnGS > 5 mol/mol, spacers of intermediate length, n = 6 -10, modulate the DNA-DNA distance. The spacer with 12 carbons allows more or less the same freedom in R 4 N + groups arrangement in proximity of DNA as CnGS with short spacer ( n = 2). The high surface charge density (EYPC:CnGS = 2 mol/mol) allows effective packing of DNA, and a non-linear increase in d DNA with n is observed, showing a maximum at n = 6 -8. Both the short spacer of CnGS and the low molar ratio EYPC:CnGS provide a high surface charge density of membrane that was found as a key parameter for transfection effi ciency of L α C phaseforming complexes (14) .
